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During embryonic development tissues remain malleable to participate in morphogenetic movements
but on completion of morphogenesis they must acquire the toughness essential for independent adult
life. Desmosomes are cell–cell junctions that maintain tissue integrity especially where resistance to
mechanical stress is required. Desmosomes in adult tissues are termed hyper-adhesive because they
adhere strongly and are experimentally resistant to extracellular calcium chelation. Wounding results
in weakening of desmosomal adhesion to a calcium-dependent state, presumably to facilitate cell
migration and wound closure. Since desmosomes appear early in mouse tissue development we
hypothesised that initial weak adhesion would be followed by acquisition of hyper-adhesion, the
opposite of what happens on wounding. We show that epidermal desmosomes are calcium-dependent
until embryonic day 12 (E12) and become hyper-adhesive by E14. Similarly, trophectodermal
desmosomes change from calcium-dependence to hyper-adhesiveness as blastocyst development
proceeds from E3 to E4.5. In both, development of hyper-adhesion is accompanied by the appearance
of a midline between the plasma membranes supporting previous evidence that hyper-adhesiveness
depends on the organised arrangement of desmosomal cadherins. By contrast, adherens junctions
remain calcium-dependent throughout but tight junctions become calcium-independent as desmo-
somes mature. Using protein kinase C (PKC) activation and PKCa/ mice, we provide evidence
suggesting that conventional PKC isoforms are involved in developmental progression to hyper-
adhesiveness. We demonstrate that modulation of desmosomal adhesion by PKC can regulate
migration of trophectoderm. It appears that tissue stabilisation is one of several roles played by
desmosomes in animal development.
& 2012 Elsevier Inc. All rights reserved.Introduction
An important contrast between embryonic and adult tissues is
that the former must be labile to permit modelling by morpho-
genetic movement whereas the latter must be tough to resist the
rigours of independent existence. The change from lability to
toughness is therefore an important aspect of the developmental
process. This paper examines how cell-cell adhesion changes
during mouse development to increase tissue strength.
Desmosomes are intercellular adhesive junctions necessary for
the stability and integrity of tissues (Dusek et al., 2007; Garrod and
Chidgey, 2008; Garrod and Kimura, 2008; Holthofer et al., 2007;ll rights reserved.
Garrod).Kottke et al., 2006; Schmidt and Koch, 2007; Thomason et al., 2012;
Waschke, 2008). In cultured cell sheets, desmosomes progress from
a weakly adhesive, calcium-dependent form to a more strongly
adhesive, calcium-independent form, termed hyper-adhesive
(Garrod et al., 2005; Kimura et al., 2007; Mattey and Garrod,
1986; Wallis et al., 2000; Watt et al., 1984). This progression occurs
without any detectable change in the molecular composition of
desmosomes (Kimura et al., 2007). Hyper-adhesion is associated
with the presence of an electron-dense midline in the intercellular
space between the plasma membranes that represents a highly
ordered arrangement of the desmosomal cadherins (Al-Amoudi
et al., 2007; Garrod et al., 2005).
In the mouse embryo, desmosomes form ﬁrst in the cavitat-
ing blastocyst and subsequently appear early in the development
of various tissues including epidermis and kidney tubule (Davies
and Garrod, 1995; Fleming et al., 1991; Gallicano et al., 1998;
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epithelia and cardiac muscle, the majority or all of them being
hyper-adhesive (Garrod et al., 2005; Wallis et al., 2000). As such
they act as strong intercellular links in the desmosome-intermedi-
ate ﬁlaments complex, malfunction of which, in disease and
experimental animals, causes tissues to disintegrate (Fuchs, 1992;
Garrod and Chidgey, 2008; Jonkman et al., 2005; Lane and McLean,
2004; Stanley and Amagai, 2006; Vasioukhin et al., 2001).
In adult tissues, controlled down-regulation of intercellular
adhesiveness is sometimes required. For example, in skin wound
healing, keratinocytes must migrate to close the wound and
remodel the epidermis (Krawczyk and Wilgram, 1973). In wound
edge epidermis, as in wounded cell sheets in culture, hyper-
adhesive desmosomes revert to calcium-dependence (Garrod
et al., 2005; Wallis et al., 2000). This reversion involves activation
of the conventional protein kinase C isozyme PKCa, which
localises to desmosomal plaques in wound edge epidermis
(Garrod et al., 2005; Wallis et al., 2000).
Desmosomal adhesion is essential for mouse development
from the early pre-implantation stage (Gallicano et al., 1998).
Because of the requirement for tissue lability during development
it seemed unlikely that such early desmosomes would be hyper-
adhesive. We show that acquisition of hyper-adhesion is devel-
opmentally regulated in epidermis. Curiously, hyper-adhesion
also develops in the trophectoderm of the late blastocyst. We
present evidence suggesting that these events may be regulated
by conventional PKC isozymes and that modulation of desmoso-
mal adhesiveness by PKC can regulate trophectoderm migration.Table 1
Antibodies used in this study.
Antigen Antibody Source or reference
Desmoplakin 11–5F, monoclonal (Parrish et al., 1987)
E-cadherin monoclonal U3254, Sigma
b-catenin polyclonal C-2208, Sigma
ZO-1 polyclonal 617300, Zymed Laboratories Inc.Materials and methods
Mouse strains and preparation of post-implantation embryos
Embryos were obtained from 6–16 week old MF1 female mice
(Charles River Ltd, Margate, UK). The time of discovery of the
vaginal plug was regarded as embryonic day (E) 0. At the
appropriate time, mice were killed by neck dislocation, the
abdomen opened, and embryos were carefully dissected into
PBS. The back skin was dissected from E14 and older embryos.
PKCa/ mice were kindly gifted by Dr Peter Parker (Leitges
et al., 2002). Experiments were carried out in the same way as
MF1 mice.
Mouse strain, blastocyst collection and culture
Blastocysts were obtained from 8–12 week old MF1 mice after
superovulation by intraperitoneal injection of 5 i.u. of pregnant
mare serum gonadotrophin (PMS; Sigma, Missouri, USA) followed
by 5 i.u. human chorionic gonadotrophin (hCG; Calbiochem) 48 h
later and mating. The time of discovery of the vaginal plug was
regarded as embryonic day (E)0. E3.5 early blastocysts (cavity
o20% volume) were ﬂushed from dissected oviducts with M2
medium (GIBCO, Paisley, UK) supplemented with 4 mg/ml BSA
(M2-BSA) and cultured in M6 medium (GIBCO, Paisley, UK)
containing 4 mg/ml BSA up to the middle blastocyst stage
(20%ocavityo50% volume, E4) and late blastocyst stage (cavity
450% volume, E4.5). Culture was performed in 5% CO2 at 37 1C in
microdrops under mineral oil (Sigma, Missouri, USA) as pre-
viously described (Sheth et al., 1997).
Low calcium medium (LCM) treatment
Entire embryos (until E13.5) or isolated back skin pieces
(1 cm1 cm) (from E14) were incubated in Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM) plus 10% foetal bovine serum (FBS)(Standard medium¼SM) or calcium-free DMEM containing
3 mM EGTA plus 10% chelated FBS (Low calcium medium¼LCM)
for 2 h (E10) or 4 h in 5% CO2 at 37 1C.
The zonae pellucidae were removed from blastocysts by
incubating for 15–30 s in acid Tyrode’s medium (Sigma) at 37 1C
before washing in M2-BSA. (Sigma, Missouri, USA). Zona-free
blastocysts were incubated in LCM or SM as control in 5% CO2
at 37 1C for 1 h (early and middle blastocysts) or 2 h (late
blastocysts). The trophectoderm of late blastocysts was pierced
once or twice with a ﬁne glass needle during incubation to allow
blastocoel cavity collapse and medium access. After treatment,
blastocysts were ﬁxed in 1% PFA (paraformaldehyde, Sigma,
Missouri, USA) in PBS for 10 min at room temperature and used
for immunostaining.
PKC inhibitor treatment
Samples from E12 embryos were incubated with 10 or 50 nM
Go¨6976 (Sigma, Missouri, USA) or PKCb inhibitors, 50, 100 or
200 nM 3-(1-(3-imidazol-1-ylpropyl)-1H-indol-3yl)-4-anilino-
1H-pyrrole-2,5-dione or 10 or 20 nM LY 333531 (Calbiochem,
Beeston, UK) for 1 h. Controls were incubated with DMSO (1/1000
in culture medium). Samples were then washed three times with
PBS and subjected to LCM treatment.
After recovery from zona pellucida removal in M2-BSA for
10 min, early blastocysts were incubated with 50 nM or 100 nM
Go¨6976 (Sigma, Missouri, USA) in M2-BSA at 37 1C for 1 h.
Controls were incubated with DMSO (1/100).
Cryosectioning and ﬁxation
Frozen embryos or isolated skin embedded in OCT were
cryosectioned at 10 mm using a Lieca Reichert-Jung Cryocut
1800 cryostat and placed onto microscope slides. Samples were
ﬁxed by incubation in ice-cold acetone/methanol (1:1) for 20 min
at 20 1C.
Immunostaining
The antibodies used in this study are listed in Table 1. Sections
were washed in PBS 35 min. A wax pen (DACO) was used to
divide sections on a slide. Non-speciﬁc staining was blocked with
10% (v/v) goat serum, in PBS for 30 min, and then incubated on
20 ml droplets of primary antibody diluted in PBS for 1 h. Samples
were washed 35 min in 200 ml droplets of PBS, then incubated
with 20 ml of secondary antibodies diluted in PBS for 1 h. Nuclei
were stained by incubating with 1/1000 diluted Hoechst stock
(5 mg/ml, Sigma, Missouri, USA) together with the secondary
antibodies. After washing as before, samples were mounted on
microscope slides using Gelvatol (Fluka).
Fixed blastocysts were placed on coverslips coated with poly-
L-lysine hydrobromide (Sigma, Missouri, USA) and attached onto
stainless steel washers (internal diameter 7 mm, external dia-
meter 20 mm, thickness 1.25 mm, Woodside, Manchester, UK).
They were processed for immunocytochemistry as previously
described (Sheth et al., 1997). After ﬁxation, blastocysts were
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(Sigma, Missouri, USA) in PBS for 15 min. After washing 3 times
with PBS, they were incubated in 2.6 mg/ml NH4Cl in PBS for 10 min
and then washed 3 times again. The blastocysts were stained
overnight at 4 1C with the different primary antibodies in 1/1000
Tween 20 (Sigma, Missouri, USA) (PBS-Tween) as described in
Table 1. FITC-labelled anti-mouse or rhodamine-labelled anti-rabbit
secondary antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA) were used with Hoechst for 1 h at room temperature.
Stained blastocysts were stored in PBS and subjected to confocal
microscopy.
Fluorescence microscopy and confocal microscopy
Fluorescence microscopy was carried out using a Zeiss Axio-
plan microscope with a 50 W HBO bulb for epi-ﬂuorescence,
using a x63/1.40 Plan-Apochromat objective. Filter sets used
were; blue (G365, FT395, LP420), green (450–490, FT510, 515–
565), red (530–585, FT600, LP615). A Leica SP2 inverted confocal
ﬂuorescence microscope at the bioimaging facility of the Uni-
versity of Manchester was used. Images were collected using a
63x/0.60-1.40 HCX PL Apo objective. Images were collected using
the following detection mirror settings; FITC 494–530 nm; Cy5
640–690 nm. When acquiring 3D optical stacks the confocal
software was used to determine the optimal number of Z sections.
Transmission electron microscopy
Samples were ﬁxed for 2 h in 4% paraformaldehyde/2% glutar-
aldehyde in 0.1 M sodium cacodylate buffer (pH 7.5) containing
0.5 mM CaCl2. The samples were post-ﬁxed in 1% OsO4 in the
same buffer followed by washing in distilled water (31 min).
The samples were stained with 1% uranyl acetate for 16 h at 4 1C
and then dehydrated in acetone. They were then embedded in
Spurr resin (medium hardness) and polymerised at 60 1C for 72 h.
Ultrathin sections (50–70 nm) were obtained using a glass knife,
stained with 0.3% lead citrate (Agar Scientiﬁc Ltd, Stanstead, UK)
and examined on an FEI Technai 12 Biotwin electron microscope.
Quantiﬁcation of calcium sensitivity of desmosomes
The total number of cells within a ﬁeld of view with the 60X
objective (see above) was counted as was the number of cells
having at least one calcium-independent (hyper-adhesive) des-
mosome. A minimum of ﬁve ﬁelds along mouse back skin of three
embryos were counted for each sample. Percentages of cells with
calcium independent desmosomes and standard errors were
calculated.
In blastocysts, to provide a value for the total number of
trophectoderm cells, only those with positive Dp staining were
counted The number of cells with calcium-dependent desmo-
somes was counted as those with internalised Dp staining. Five
embryos were counted for each sample.
Quantitative real-time PCR
Epidermis was extracted with Trizol reagent (Invitrogen, Paisley,
UK) to prepare total RNA, followed by the synthesis of cDNA. Real-
time quantitative PCRs were performed using the SYBR-green I Core
Kit (Eurogentec, Southampton, UK). PCR products were detected in
the ABI-PRISM 7700 sequence detection system (Applied Biosys-
tems, Paisley, UK). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA was used for normalisation. The primers used
were as followed: PKCa: forward primer, 50–GCTCTCACTGACGCAG-
CAGCTGAA-30; reverse primer, 50- CAATGGCTGCAGCTTTCCCAAGT-
30; PKCb: forward primer, 50–AATTCACCGCCCGCTTCTTCAAG-30;reverse primer, 50–GCGATCCACAGTGGTCACAGAAGGT-30, PKCg:
forward primer, 50- ACCCCGACCCCTGTTTTGCAGA-30; reverse primer,
50–TTCCAGCGCCTGGACACTCGAA-30 GAPDH: forward primer, 50–CC-
CCACACACATGCACTTACC-30; reverse primer, 50–CCTACTCCCAGG-
GCTTTGATT-30.
Blastocyst migration assay
Embryos were collected on E3.5 at the blastocyst stage by
uterine ﬂushing and cultured on ibidi M-Slide Angiogenesis slides
(Ibidi, Germany) in KSOMaa supplemented with 10% FBS covered
by mineral oil at 37 1C in 5% CO2 to form outgrowths.
After 96 h, outgrowths were treated with LCM for 2 h whilst a
medium change of SM was performed on control outgrowths.
Outgrowths were then ﬁxed in 1.5% formaldehyde for 20 min and
processed for immunoﬂuorescence of E-cadherin and desmopla-
kin as described below for blastocysts except that donkey anti-
mouse Alexa ﬂuor 488 (Invitrogen A11006), goat anti-rat Alexa
ﬂuor 555, (Invitrogen A31570) secondary antibodies and DAPI
were used for visualisation.
Images were obtained on the Leica TCS SP2 Confocal Micro-
scope in the Imaging Unit at the University of Southampton using
a HCX PL APO 40x/1.25–0.75 Oil CS objective. The following
mirror settings were used for all image acquisition; Alexaﬂuor
488 (for DECMA) 499–543 nm and Alexaﬂuor 555 (for 11-5F)
573–694 nm.
Migration behaviour was assessed on blastocysts cultured and
allowed to spread for 24 h before exposure to Go¨6976 for 24 h.
The area of spreading during treatment was quantiﬁed from
brightﬁeld images taken at 24 h and 48 h using a Zeiss Axiovert
inverted microscope ﬁtted with environmental chamber at 37 1C
(n¼5–10). Area measurements (Metamorph software package) at
24 h were subtracted from the area at 48 h to obtain spreading
and compared by on-way ANOVA. Some outgrowths were also
exposed to LCM before being ﬁxed and stained for DP and
determination of the percentage of hyper-adhesive cells as
described above (n¼5–7).Results
Embryonic mouse epidermal desmosomes develop hyper-
adhesiveness between E12 and E14
To determine whether desmosomal adhesiveness in the epi-
dermis is developmentally regulated, whole E10 embryos and
isolated skin fragments from E19 embryos were incubated in
3 mM EGTA in calcium-free medium (low calcium medium or
LCM) and the results assessed by direct observation and by
immunoﬂuorescence for the desmosomal plaque protein desmo-
plakin (Dp) on frozen sections. Within 2 h, the epidermis of E10
embryos began to dissociate into single cells whereas E19 skin
fragments remained apparently unaffected even after 4 h (Fig. 1A,
C, E, G). By immunoﬂuorescence, control (treated with standard
medium (SM)) E10 epidermis appeared as a double layer of cells
with punctate Dp staining at the cell peripheries, whereas control
E19 epidermis was multilayered and the cell-peripheral Dp
staining so intense as to be often difﬁcult to resolve as puncta
(Fig. 1B, F). In LCM-treated E10 cells, Dp staining was completely
lost from the cell surface and internalised as spots in the
cytoplasm (Fig. 1D), which is indicative of calcium-dependent
desmosomes (see Kimura et al., 2007; Wallis et al., 2000).
In contrast in E19 epidermis after 4 h of LCM-treatment, Dp
staining was concentrated at discrete points at the cell surface
(Fig. 1H), which is indicative of hyper-adhesive desmosomes
(Kimura et al., 2007; Wallis et al., 2000).
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Fig. 1. Desmosomal adhesion is developmentally regulated in epidermis. Bright ﬁeld micrographs of embryonic skin (A, C, E, G) and immunoﬂuorescence micrographs of
frozen sections of embryonic epidermis with monoclonal antibody 11–5F to desmoplakin (B, D, F, H) on E10 (A–D) and E19 (E–H). Whole E10 embryos were incubated in
standard medium (SM) or low calcium medium (LCM) for 2 h, while skin fragments from E19 embryos were incubated in the same media for 4 h. E10 skin remained
smooth in appearance after incubation in SM (A) but showed signs of dissociation in LCM (C), whereas the E19 skin remained intact in both media (E, G).
Immunoﬂuorescence showed normal cell-peripheral distribution of desmoplakin in both E10 and E19 epidermis after incubation in SM (B, F). However, E10 epidermis
showed desmoplakin internalisation after incubation in LCM (D and boxed enlargement). This indicates that the desmosomes at E10 are calcium-dependent. By contrast
desmoplakin distribution in E19 epidermis became aggregated but remained at the cell periphery after LCM incubation (H) and enlarged boxes (1 and 2). This indicates
that the desmosomes at E19 are hyper-adhesive. Scale bars¼2.5 mm (A, B, C, G) and 25 mm (B, D, F, H). The time course of acquisition of hyper-adhesiveness by epidermal
desmosomes is shown in (I).
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the epidermis was exposed to LCM every 0.5 day between E8.5 and
E15, and every day between E15 and E19 (E12 and E 14 shown in
Supplementary Fig. 1). Up to and including E12 nearly all cells had
calcium dependent (i.e. not hyper-adhesive) desmosomes (Fig. 1 I).
By E14 90% of cells had hyper-adhesive desmosomes, the 10%
retaining calcium-dependent desmosomes being principally, but
not exclusively, located in the basal layer of the now multilayered
epidermis. By E19 100% of cells had hyper-adhesive desmosomes as
we have previously found in adult epidermis (Garrod et al., 2005).
We conclude that the acquisition of desmosomal hyper-adhesiveness
is a developmentally regulated event in mouse embryonic epidermis
with the principal change occurring between E12 and E14.
Because it is sometimes difﬁcult to appreciate where the
desmosomes are in the cells after LCM treatment, Supplementary
Fig. 1 shows double staining for Dp and concanavalin-A (Con-A)
as a cell surface marker. For further details please consult the
legend to that ﬁgure.
Epidermal tight junctions become calcium-independent with similar
timing to desmosomes but adherens junctions remain calcium-
dependent
Desmosomes form part of a complex with tight junctions (TJ)
and adherens junctions (AJ) (Farquhar and Palade, 1965). We
showed previously that both TJ and AJ remained calcium-depen-
dent in Madin-Darby canine kidney (MDCK) cells when desmo-
somes became hyper-adhesive (Wallis et al., 2000). To determine
whether this is also the case in embryonic epidermis we carried out
exposure to LCM as above but stained frozen sections for the TJprotein ZO-1 and the AJ proteins b-catenin and E-cadherin. ZO-1
was located predominantly in the one or two upper-most epider-
mal layers in SM-treated E12 and E14 epidermis (Fig. 2A, C). After
LCM treatment of E10 (data not shown) and E12 epidermis (Fig. 2B),
ZO-1 was lost from the cell surface and internalised. However, at
E14 and thereafter (E17, E19, data not shown), ZO-1 remained at
the cell membrane after LCM treatment (Fig. 2 D).
b-catenin (and E-cadherin; not shown) showed a cell surface
location after SM treatment throughout all developmental stages
examined (Fig. 2E, G) but after LCM treatment became interna-
lised at all stages up to and including E19 (Fig. 2F, H; E14 shown).
Double staining for Dp (green) and b-catenin (red) showed that
desmosomes and AJ in the same cells had different calcium
sensitivities at E14 (and beyond), the desmosomes being hyper-
adhesive and remaining at the cell surface, the AJ being calcium-
dependent and becoming internalised (Fig. 2I). We conclude that
epidermal AJ remain calcium-dependent throughout develop-
ment but TJ acquire calcium-independence with the same time
course as desmosomes.
Desmosomes in the blastocyst trophectoderm acquire
Hyper-adhesiveness
Because maturation of the epidermis is a relatively late event
in development we determined whether the earliest desmo-
somes, those in the trophectoderm of the blastocyst, also acquired
hyper-adhesiveness. Blastocysts were divided into three stages
according to blastocoel cavity size, early (cavityr20% volume,
E3.5), mid cavity (20%–50% volume, E4), and late (cavity4
50% volume, E4.5). After removing the zonae pellucidae, embryos
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Fig. 2. Epidermal tight junctions become calcium-independent between E12 and E14 but adherens junctions remain calcium-dependent. Immunoﬂuorescence
micrographs of frozen sections of embryonic skin for tight junction protein ZO-1 (A–D) and adherens junction protein b-catenin (E–H) on E12 and E14 after incubation
for 2 h in SM or LCM. After SM incubation both proteins showed characteristic cell-peripheral distribution (A, C, E, G). At E12 LCM incubation induced internalisation of
ZO-1 (B) but not at E14 where ZO-1 remained at the periphery (D), indicating that the tight junctions had become calcium–independent. By contrast, LCM incubation led to
internalisation of b-catenin at both embryonic ages (F, H). Double staining for Dp and b-catenin at E14 after LCM treatment showed that the Dp (green) of the hyper-
adhesive desmosomes remained at the cell periphery (outlined) whereas the b-catenin (red) had been internalised (I). Scale bars¼25 mm.
T.E. Kimura et al. / Developmental Biology 369 (2012) 286–297290were incubated in LCM or SM and immunoﬂuorescence carried
out to assess the adhesive state of desmosomes, AJ and TJ (Fig. 3).
Early and mid blastocysts were extremely fragile in LCM so a
maximum of 1 h treatment was used, whereas late blastocysts
could be incubated for 2 h without apparent damage. Because of
these short incubations our results may over-estimate the num-
ber of cell with hyper-adhesive desmosomes at the earlier stages.
The trophectoderm cells are tightly sealed by TJ so that LCM did
not have good access to the desmosomes and AJ that are located
below TJ in late blastocysts. Therefore a small hole was made with
a ﬁne glass needle in the trophectoderm of late blastocysts to
collapse the embryos and allow medium to access the cells during
incubation. Control embryos were incubated in SM.
All SM-treated blastocysts showed cell surface staining for
desmosomal, AJ and TJ markers (Fig. 3B–D, F–H, J–L). Making a
hole in late blastocysts trophectoderm did not change junctional
localisation (Fig. 3B, F, J). Dp was internalised in the majority of
early blastocyst cells after 1 h incubation in LCM (Fig. 3N, arrows)
though many cells also retained some cell surface staining.
(To clarify the location of the staining in these blastocysts we
present confocal xz sections in Supplementary Fig. 2.) Cell surface
staining was stronger in mid blastocysts and less Dp was inter-
nalised (Fig. 3R, arrows). In late blastocysts, most cells showed no
internalised Dp. Instead, cell surface staining accumulated into
large dots (Fig. 3V), similar to hyper-adhesive desmosome staining
previously seen in epidermis and cultured cells (Fig. 1H and
(Kimura et al., 2007; Mattey and Garrod, 1986; Wallis et al., 2000)).
To quantify the switching of desmosomal adhesive state,
the percentage of trophectoderm cells with no internalised Dp(regarded as hyper-adhesive) was determined at each stage
(Fig. 3Y). (Dp expression and desmosome formation occur in
trophectoderm cells but not in the inner cell mass (Fleming et al.,
1991), so unstained cells were not counted.) The counts suggested
that ca. 25% of early blastocyst and ca. 60% mid blastocyst cells had
hyper-adhesive desmosomes, though as mentioned above these are
likely to be over-estimates. This percentage increased to ca. 85% of
cells in late blastocysts (Fig. 3Y). We conclude that desmosomes
become hyper-adhesive during blastocyst development.
LCM-treatment caused E-cadherin internalisation at all stages
(Fig. 3P, T, X arrows). In early and mid blastocysts this was
incomplete, probably because 1 h incubation was not long enough
for complete internalisation (Fig. 3P, T). At all stages, TJs remained
at the cell membrane in LCM (Fig. 3O, S, W). We conclude that AJs
remain calcium-dependent throughout blastocyst development
but that TJs become calcium-independent at least by the mid
blastocyst stage and with roughly the same time course as the
desmosomes.
Desmosome structure is developmentally regulated
To determine whether acquisition of hyper-adhesiveness was
associated with ultrastructural changes in desmosomes, we
examined epidermis and blastocysts of different ages by electron
microscopy. The E10 epidermis and the early blastocyst, both
of which have calcium-dependent desmosomes, showed only
rudimentary junctions in which the plasma membranes were
close together, midlines were absent, cytoplasmic plaques were
poorly developed and there was little intermediate ﬁlament (IF)
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Fig. 3. Adhesiveness of desmosomes and tight junctions, but not adherens junctions, of the blastocyst is developmentally regulated. Early blastocysts (E3.5) were cultured
to the mid (E4) or late (E4.5) stages. After removing the zona they were incubated in LCM for 1 h (early and mid) or 2 h (late), or in SM as control. A small hole was made in
the trophectoderm of late blastocysts with a ﬁne glass needle to allow access of the medium to the baso-lateral domain during incubation. Embryos were stained for
immunoﬂuorescence with antibodies to desmoplakin, ZO-1 and E-cadherin as indicated, and corresponding phase contrast micrographs of the embryos are shown (A, E, I,
M, Q, U). Note that all three proteins show some degree of internalisation or disruption after LCM treatment of the early blastocyst (N, O, P). For desmoplakin and ZO-1, but
not E-cadherin, this effect was substantially reduced in the mid blastocyst (R, S, T). In the late blastocyst, desmoplakin and ZO-1 remained largely cell-peripheral after LCM
treatment (V, W), desmoplakin showing the characteristic clustering effect of hyper-adhesive desmosomes. However, E-cadherin was still internalised (X). Arrows indicate
internalised protein. Scale bars¼20 mm. (Y) Quantiﬁcation of the loss of calcium-dependence by trophectoderm cells of early, mid and late blastocysts.
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epidermis (E17 shown), which had hyper-adhesive desmosomes,
possessed fully mature junctions with a wide, uniform intercel-
lular region containing an electron-dense midline as well as well-
developed cytoplasmic plaques and abundant IF attachment
(Fig. 4D, H). A similar sequence of desmosome maturation in the
blastocyst has been observed previously (Jackson et al., 1980). Thus
acquisition of hyper-adhesiveness is accompanied by maturation of
desmosome structure.
To conﬁrm the immunoﬂuorescence observations, epidermal
samples on E10 whole body and E17 isolated skin were examinedby electron microscopy following LCM treatment. No desmo-
somes were found on the cell membrane in LCM-treated E10
epidermis. Instead, unusual electron-dense structures accumu-
lated in the cytoplasm (Fig. 4C, arrow heads). These resemble
vacuolar structures previously found in LCM-treated MDCK cells
(Mattey and Garrod, 1986) and may represent internalised half
desmosomes (Fig. 4 B, C). In contrast, within the lower layers of
E17 epidermis, cell-cell adhesion was maintained by desmosomes
that appeared normal in structure and were frequently grouped
together (Fig. 4E, F). In the upper layers desmosomes were normal in
structure and ungrouped (not shown). These results are consistent
0.5 μm
0.5 μm 0.5 μm0.5 μm
E10
E17
SM LCM
intercellular space clustered
desmosomes 
2 μm
c
0.1 μm
Early blastocyst Late blastocyst
0.1 μm
Epidermis 
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Fig. 4. Desmosome structure is developmentally regulated in epidermis and trophectoderm. Electron micrographs of E10 and E17 epidermis (A-F) and early and late
blastocysts (G, H). In both E10 epidermis and early blastocysts desmosomes (arrows in A and G) had a rudimentary structure consisting of poorly developed plaques,
absence of intermediate ﬁlament attachment and absence of midline. By contrast, desmosomes in E17 epidermis and late blastocyst (large black arrows in D and H)
showed mature structure with well developed plaques, intermediate ﬁlament bundles (black arrows in D and H) and midlines (white arrows in D and H). After incubation
of E10 epidermis in LCM, desmosomes were no longer detectable at the plasma membrane. Instead, plaque-bearing vesicles that may represent internalised half-
desmosomes were visible in the cytoplasm (boxed in B) and enlarged and indicated by white arrows in C. Incubation of E17 epidermis in LCM appeared to cause clustering
of desmosomes at the cell periphery (circles and arrows in E). Although the intercellular spaces often appear to be enlarged, the desmosomes (black arrows in F) remained
intact with apparently unaltered structure, including midlines (white arrows in F).
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edge epidermis (Garrod et al., 2005; Mattey and Garrod, 1986), and
conﬁrm that the desmosomes in E10 epidermis are calcium-depen-
dent while those in E17 epidermis are hyper-adhesive.
Conventional PKC isozymes are involved in developmental regulation
of desmosomal adhesiveness
Previously we have shown PKCa, a conventional PKC (cPKC)
isozyme, to regulate the adhesiveness of desmosomes and to
localise to the plaques of calcium-dependent desmosomes
(Garrod et al., 2005; Kimura et al., 2007; Wallis et al., 2000).
If the developmental regulation of desmosomal adhesion is
regulated by a decrease in activity of a cPKC isoform, the effect
should be mimicked by a cPKC isoform inhibitor. We therefore
tested the effects of such an inhibitor, Go¨6976, on the desmo-
somes of E12 epidermis and early blastocysts. It was found that
Go¨6976 substantially converted these calcium-dependent desmo-
somes to hyper-adhesion (Fig. 5). This result is consistent with the
view that cPKCs may be involved in the developmental regulation
of desmosomal adhesion.
We next asked whether there is any change in expression
levels of conventional PKCs in epidermis during the period when
desmosomal adhesiveness changes. Inconsistent results wereobtained by western blotting with a number of isoform-speciﬁc
PKC antibodies. However, qPCR revealed no signiﬁcant changes in
epidermal expression of PKCa, b or g (Fig. 6).
Mice lacking PKCa (PKCa/ mice) develop normally, show no
overt phenotype and breed freely (Leitges et al., 2002). We therefore
examined the developmental regulation of desmosomal adhesion in
their epidermis and found it to be identical to that reported above for
wild type mice (Fig. 7 A, B). This suggested that an isozyme other
than PKCamight be involved in the regulation. Inhibitors which have
a much lower IC50 for PKCb than for other cPKCs are available. We
therefore tested the effects of the inhibitors 3-(1-(3-imidazol-1-
ylpropyl)-1H-indol-3yl)-4-anilino-1H-pyrrole-2,5-dione (henceforth
referred to as PKCb inhibitor) and LY 333531 on desmosomal
adhesion in embryonic mouse epidermis. The results show that both
inhibitors converted desmosomes in E12 epidermis to hyper-adhe-
sion, though neither was as effective as Go¨6976 (Fig. 7). These results
are consistent with the view that PKCb contributes to the develop-
mental regulation of desmosomal adhesion in embryonic epidermis.
Migration of mature trophectoderm involves loss of desmosomal
hyper-adhesion
The next developmental step for the trophectoderm of the
blastocyst is implantation. This involves invasion of the endometrium
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cells. In order to determine whether trophoblast migration involves
weakening of desmosomal adhesion E4.5 blastocysts, which have
hyper-adhesive desmosomes, were cultured for 96 h during which
time extensive migration of the trophectoderm occurred, and tested
for desmosomal hyper-adhesion by exposure to LCM. Control migrat-
ing cells in SM showed extensive staining for Dp at cell-cell interfaces
(Fig. 8A–D). After LCM treatment many showed internalisation of Dp
staining (Fig. 8E–H) indicating that their desmosomes had reverted to
calcium dependence consistent with a migratory phenotype. Quanti-
ﬁcation showed that approximately 26.77% of cells retained hyper-
adhesive desmosomes after 96 h whereas in E4.5 blastocysts this
ﬁgure is 490%.
If reversion of desmosomes to calcium dependence is indeed
required for trophectoderm migration it should be inhibited by
prevention of reversion. In order to test this, migration was
analysed in the presence and absence of the conventional PKC
isoform inhibitor Go¨6976. Blastocysts were cultured and allowed
to spread for 24 h. Some were then treated with Go¨6976 at 10 nM,
100 nM or 200 nM for 24 h. The area of spreading was quantiﬁed
from micrographs taken at 24 h and 48 h and the area at 24 h
subtracted from the area at 48 h. The results showed that Go¨6976at both concentrations substantially inhibited trophectoderm
migration (Fig. 9A). In order to determine whether desmosome
adhesiveness was affected by Go¨6976 treatment, outgrowths
were also exposed to LCM before being ﬁxed and stained for DP
and determination of the percentage of hyper-adhesive cells
(Fig. 9B). The results showed that Go¨6976 increased the percen-
tage of hyper-adhesive desmosomes in the expected way
(Fig. 9C). Blastocysts attached but not yet migratory retained
hyper-adhesive desmosomes consistently within all treatment
groups (Fig. 9B). Thus substantial reversion of trophectodermal
desmosomes to calcium dependence may be required for tro-
phectoderm migration and implantation.Discussion
Our results show that the strength of desmosomal adhesion is
developmentally regulated in the blastocyst trophectoderm and the
epidermis of the mouse embryo. In both, early desmosomes are
calcium dependent and later become resistant to disruption by
calcium chelation. By analogy with HaCaT cells, in which adhesive
strength correlating with these differing modes of desmosomal
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Fig. 7. Epidermal desmosomes acquire hyper-adhesiveness with equal efﬁciency in PKCaþ/þ , PKCaþ/ and PKCa/ epidermis and inhibition of PKCb renders
desmosomes hyper-adhesive. (A) and (B). The hyper-adhesiveness of epidermal desmosomes was tested by exposure epidermal fragments to LCM and quantiﬁcation
desmosomes-bearing cell from frozen sections stained for desmoplakin. All three lines showed about 10% of cells with hyper-adhesive desmosomes at E12 and about 90%
at E14. (C). Speciﬁc inhibitors of PKCb (bInh and LY333351) converted a substantial proportion of E12 epidermal desmosomes to hyper-adhesiveness.
Fig. 8. Hyper-adhesive desmosomes of trophectoderm revert to calcium-dependence during cell migration after hatching. Blastocysts were hatched in culture, allowed
migrate for 96 h and treated with LCM to examine desmosomal adhesiveness (E-H). Controls were left untreated (A-D). Phase contrast images are shown in A, B, E and F
and immunoﬂuorescence (IF) for Dp (red; nuclei, blue) in C, D, G and H. IF images are stacks of multiple confocal scans. The inset in G is a single scan. Control embryos
show Dp staining at cell–cell contacts (e.g. arrow heads in C and D). LCM treated embryos showed rounded cells and internalised Dp staining (arrows in G and H),
indicative of calcium-dependent desmosomes. Scale bar¼50 mm.
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that embryonic desmosomes are initially weakly adhesive then
become hyper-adhesive (Garrod and Chidgey, 2008; Garrod and
Kimura, 2008; Garrod et al., 2005; Kimura et al., 2007). Since
desmosomes in all adult mouse tissues tested were found to be
calcium independent and therefore hyper-adhesive (Wallis et al.,
2000), we think it likely that developmental regulation of adhesive
strength occurs in all desmosome-bearing embryonic tissues.Being the outermost cellular layer of the body, the epidermis
has a vital protective function that is crucial for the free living
of vertebrates. It can only perform this function if its component
cells are tightly bound together and the hyper-adhesive state that
desmosomes adopt is believed to provide the major contribution
to this tight binding (Garrod and Chidgey, 2008). Very strong
adhesion is, however, incompatible with tissue remodelling
and hyper-adhesion is down-regulated during wound healing
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adhesion would seem incompatible with the de novo tissue
modelling that occurs during morphogenesis and our ﬁnding that
early desmosomes are calcium dependent accords with this view.
What is surprising is that the up-regulation to hyper-adhesion
occurs so early, principally on E13, when the developing epider-
mis consists of no more than 2–3 cell layers, long before its
development is complete (Byrne et al., 2003) and long before
strong adhesion is required for independent life. The onset of
hyper-adhesion also precedes establishment of the adult pattern
of desmosomal cadherin expression in the epidermis (Chidgey
et al., 1997; King et al., 1996). (We have conﬁrmed by immuno-
fuorescence that no changes in expression of desmosomal cadherin
isoforms occur between E12 and E14 (results not shown).) Why
then does hyper-adhesion occur so early? It may be that a strong
epidermis is required during the later stages of development.
Perhaps even more surprising is that hyper-adhesive desmo-
somes develop in the mid/late blastocyst. Following a brief
intrauterine existence the blastocyst implants, an invasive pro-
cess by the trophectoderm that seemingly requires labile rather
than ﬁrm intercellular adhesion. Desmosomal re-arrangements
between uterus and trophectoderm are well reported upon
attachment and invasion during the implantation process across
different species and implantation types (Aplin and Kimber, 2004;Bentin-Ley et al., 2000). Thus, our observation that desmosomes
revert back to Ca-dependence during trophoblast migration
would seem consistent with junctional re-modelling. Indeed,
calcium mobilisation and activation of cPKC signalling can pro-
mote trophoblast migration directly or indirectly in a co-culture
outgrowth model (Li et al., 2008). Furthermore, it has been shown
that activation of PKC by HB-EGF and calcium signalling are
required for blastocyst differentiation at the implantation stage
(Wang et al., 2000; Wang et al., 1998). We may speculate that one
role of this activated PKC is to modulate desmosome adhesion.
Why should the blastocyst strengthen its desmosomes immedi-
ately before implantation? We suggested that formation of desmo-
somes by the trophectoderm enables it to resist ﬂuid pressure from
within the blastocoel (Collins et al., 1995; Fleming et al., 1991).
In possible conﬂict with this view is the observation that embryos
lacking the desmosomal plaque protein desmoplakin are able to
implant and to continue a short post-implantation development
(Gallicano et al., 1998). However, it is not known whether desmo-
somes lacking desmoplakin can develop hyper-adhesion. If they can,
this may occur in the blastocyst and be sufﬁcient to resist disruption
at the pre-implantation stage.
We have proposed that desmosomal hyper-adhesion is depen-
dent upon a highly ordered arrangement of the desmosomal
cadherins indicated by the presence of a midline in the intercellular
T.E. Kimura et al. / Developmental Biology 369 (2012) 286–297296space (Garrod et al., 2005). Such an arrangement has subsequently
been demonstrated in epidermal desmosomes by electron tomo-
graphy of vitreous sections (Al-Amoudi et al., 2007). Wound edge
epithelium desmosomes, which have lost hyper-adhesion and
become calcium dependent, lack a midline and therefore probably
have a less ordered arrangement of the cadherins (Garrod et al.,
2005). Here we found that the early-forming immature desmo-
somes in both blastocysts and epidermis lack midlines but that
midlines appear when the desmosomes become hyper-adhesive.
The process of desmosome maturation in development thus
appears to be the converse of the changes that occur in epidermal
wounding. Furthermore, the structural changes of the midline that
accompany the maturation process appear entirely consistent with
our hypothesis of the molecular basis of hyper-adhesion.
It has long been accepted from evidence based on the study of
simple epithelial cells in tissue culture that reduction in extra-
cellular calcium concentration increases epithelial permeability
by disrupting tight junctions (Martinez-Palomo et al., 1980).
It was therefore a considerable surprise to ﬁnd that as desmosomes
acquired hyper-adhesion tight junctions in both the blastocyst and
the epidermis became calcium independent and remained at the cell
periphery in the presence of EGTA. This was in stark contrast to
adherens junctions, which remained calcium dependent throughout.
Considering the molecular composition of tight junctions (Gonzalez-
Mariscal et al., 2003) there appears to be no inherent reason why
they should be calcium dependent; none of their major transmem-
brane components, occludin, claudins and members of the junc-
tional adhesion molecule (JAM) family, bind calcium. The reason for
their apparent calcium dependence in cultured cells probably stems
from their close association with adherens junctions, on which their
stability depends. In this regard it is therefore extremely interesting
that during junction assembly in the blastocyst tight and adherens
junctions are ﬁrstly closely associated and then separate to occupy
distinct membrane domains (Eckert and Fleming, 2008). We suggest
that once they have separated spatially they become completely
distinct in respect of their calcium dependence/independence.
Our results are consistent with a role for conventional iso-
zymes of PKC in this developmental regulation (PKC activity being
associated with calcium dependence of desmosomes) and the
possibility that PKCb has a role. Our previous studies have
indicated the involvement of conventional isozymes of PKC, in
particular PKCa, in the down-regulation of desmosomal hyper-
adhesion (Garrod et al., 2005; Kimura et al., 2007; Wallis et al.,
2000). Thus PKCa was the only conventional isozyme detectable
in MDCK cells, where it was associated with the cell periphery
(and with desmosomes; unpublished observations) while desmo-
somes were calcium dependent, but not when they were hyper-
adhesive, and where speciﬁc knock-down resulted in increase
hyper-adhesion (Wallis et al., 2000). Furthermore, PKCa became
associated with desmosomes, which are calcium dependent, in
wound edge epidermis (Garrod et al., 2005). PKCa also appears to
be involved in desmosomes assembly in cultured cells where
plakophilin-2 mediates its interaction with desmoplakin (Bass-
Zubek et al., 2008).
Notwithstanding these observations we show here that mice
lacking PKCa assemble desmosomes normally and switch to
hyper-adhesion in the epidermis with identical timing to wild
type mice. This seems to suggest two possible explanations: (1) a
PKC isozyme(s) other than PKCa contribute to the regulation of
desmosomal adhesion in development and/or compensates for
the absence of PKCa; (2) the regulation of desmosomal adhesion
is more complex, involving more than one mechanism.
Consistent with explanation (1) is our ﬁnding that PKCb
inhibitors showed some activity in regulating the adhesion of
desmosomes in embryonic epidermis. Our qPCR studies show that
PKCb was expressed in the epidermis throughout the periodwhen the major change in desmosomal adhesiveness occurred.
Consistent with suggestion (2) are two pieces of evidence. Firstly,
mutation of all conserved putative PKC phosphorylation sites in
the cytoplasmic domains of desmoglein and desmocollin pro-
duced only a modest increase in hyper-adhesiveness in MDCK
cells (Garrod, 2010). Secondly, inhibition of tyrosine kinases with
pervanadate cause a substantial increase in hyper-adhesiveness
also in MDCK cells (Garrod et al., 2008). The regulation of hyper-
adhesion may, under some circumstances at least, involve the
action of more than one kinase-phosphatase combination.Conclusion
In summary, we conclude that a regulated increase in desmo-
somal adhesiveness is part of the normal developmental process
and an important tissue stabilising mechanism. This should be
added to other developmental functions of desmosomes that
include intercellular adhesion (Bierkamp et al., 1996; Gallicano
et al., 1998; Grossmann et al., 2004; Ruiz et al., 1996), signalling
functions in early development and beyond (Cheng et al., 2005;
Den et al., 2006; Eshkind et al., 2002; Martin et al., 2009) and cell
positioning (Runswick et al., 2001).Acknowledgements
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